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SYSTEMS AND METHODS FOR ADDITIVE In some implementations , the formed workpiece is 
MANUFACTURING OF CERAMICS heated . For example , in some implementations , the formed 

workpiece is heated until fully densified . 
CROSS REFERENCE TO RELATED In some implementations , the method further includes 

APPLICATIONS depositing an electrically conductive material between the 
first portion of the layer of ceramic particles to be sintered 

This application claims priority to U.S. Patent Application and the first electrode , wherein the electrically conductive 
No. 62 / 395,117 , entitled “ Systems and Methods for Additive material is electrically coupled to the first electrode . For 
Manufacturing of Ceramics , ” filed Sep. 15 , 2016 , the con example , in some implementations , the electrically conduc 
tent of which is herein incorporated by reference in its tive material is a first set of electrically conductive material , 
entirety . and the method further comprising depositing a second set 

of the electrically conductive material between the first 
BACKGROUND portion of the layer of ceramic particles to be sintered and 

the second electrode , wherein the second set of electrically 
Additive manufacturing processes such as selective laser conductive material is electrically coupled to the second 

sintering have enabled rapid prototyping and production of electrode . In a further implementation , the method includes 
objects with complex shapes in a wide variety of materials . depositing a third set of the electrically conductive material 
Direct sintering of technical ceramics using additive manu to at least a portion of the first portion of the layer of ceramic 
facturing processes is much more difficult than processing of 20 particles . 
polymers and metals . Ceramics generally sinter at higher In some implementations , the method further includes 
temperatures , and sintering rates of technical ceramics are depositing an electrically conductive material to at least a 
usually limited by relatively slow solid state diffusion - based portion of the first portion of the layer of ceramic particles 
kinetics . Direct sintering in additive manufacturing requires to which the localized energy is applied for forming the 
rapid kinetics . In addition , ceramics are typically brittle and 25 workpiece . 
fracture easily due to thermally or mechanically induced In some implementations , the layer of ceramic particles is 
stress and strain . Because of these issues , additive manu free of organic binder materials . 
facturing processes involving technical ceramics currently In some implementations , the electrically conductive 
rely on the indirect process of fusing ceramic particles material comprises a ceramic powder doped with aliovalent 
together with polymers or other binders . The parts require substitution . 
extensive post - processing , which includes moisture removal In some implementations , the electrically conductive 
and binder or polymer burn out , followed by a traditional material comprises colloidal carbon ink . 
furnace sintering . Binder burn out for large or thick parts is In some implementations , the energy source comprises a 
particularly challenging and time consuming . laser beam . 

Additive manufacturing by selective laser sintering or In some implementations , the energy source comprises a 
selective laser melting of ceramics is also limited by crack lamp and a mask , the mask defining the shape of a perimeter 
ing due to thermal and shrinkage stresses in the manufac of the first portion of the layer of ceramic particles , the mask 
turing process . being disposed between the lamp and the layer of ceramic 

Accordingly , there is a need in the art for improved 40 particles . For example , in some implementations , the mask 
systems and methods for manufacturing ceramic parts using is a physical mask , and in other implementations , the mask 
additive manufacturing . is a virtual mask . In one exemplary implementation , the 

virtual mask is provided by a digital light patterning ( DLP ) 
BRIEF SUMMARY projector . 

In some implementations , depositing the layer of ceramic 
According to various implementations , a method of pro particles comprises depositing a slurry comprising the 

ducing a workpiece using additive manufacturing includes : ceramic particles . And , in some implementations , depositing 
( 1 ) providing a first electrode and a second electrode , the the slurry comprises tape casting the slurry . 
electrodes being spaced apart and opposite each other ; ( 2 ) In some implementations , the method further comprises at 
depositing a layer of ceramic particles ; ( 3 ) applying a 50 least partially removing non - ceramic slurry components 
voltage across the electrodes , the voltage causing the elec prior to applying the electric field and localized energy . For 
trodes to create an electric field between them , where at least example , in some implementations , at least partially remov 
a first portion and a second portion of the layer of ceramic ing non - ceramic slurry components comprises evaporation 
particles are disposed within the electric field ; ( 4 ) applying and / or pyrolysis of at least a portion of the non - ceramic 
localized energy to the first portion of the layer of ceramic 55 slurry components . 
particles using an energy source , the first portion of the layer In some implementations , heating the workpiece com 
of ceramic particles being sintered to form part of the prises heating the workpiece in a furnace , and the formed 
workpiece , and the second portion of the layer of ceramic workpiece is partially densified prior to heating in the 
particles to remain unsintered ; ( 5 ) repeating the deposition furnace and is fully densified after heating in the furnace . 
of ceramic particles and application of the electric field and 60 In some implementations , providing the first and second 
the localized energy until the workpiece is formed ; and ( 6 ) electrodes comprises providing first and second pre - fabri 
removing the formed workpiece from the unsintered ceramic cated conductive plates . 
particles , wherein applying the localized energy occurs In some implementations , providing the first and second 
while the electric field is applied . electrodes comprises depositing a first set of electrically 

In some implementations , adjacent ceramic particles neck 65 conductive material adjacent the build material and a second 
together in response to application of the electric field and set of electrically conductive material adjacent the build 
the localized energy , causing initial stage sintering . material . 

35 

45 
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In some implementations , the method further comprises BRIEF DESCRIPTION OF THE DRAWINGS 
heating the workpiece and unsintered ceramic particles in a 
furnace prior to removing the formed workpiece from the FIG . 1 illustrates a flow chart of a method of producing a 
unsintered ceramic particles . ceramic workpiece using additive manufacturing according 

In some implementations , the method further comprises to one implementation . 
moving the electrodes up or down relative to the build FIG . 2 illustrates a top view of an exemplary workpiece 
platform and / or inward or outward relative to a centerline of and system for additive manufacturing the same according 
the layer of ceramic particles disposed within the electric to one implementation . 
field . FIG . 3 illustrates a cross sectional view of the workpiece 

According to various implementations , a system for pro and system shown in FIG . 2 as viewed through the A - A line 
ducing a workpiece using additive manufacturing includes a of FIG . 2 . 
build platform ; a ceramic particle distributor for distributing FIG . 4 illustrates a top view of an exemplary workpiece 
ceramic particles in a layer on the build platform ; a first and system for additive manufacturing the same according 
electrode and a second electrode disposed adjacent the build to one implementation . 
platform , the first and second electrodes being spaced apart FIG . 5 illustrates a cross sectional view of the workpiece 
and opposite each other and are electrically coupled to a and system shown in FIG . 4 as viewed through the B - B line 
voltage source for applying a voltage across the electrodes , of FIG . 4 . 
wherein the electrodes create an electric field between and FIG . 6A illustrates necking between ceramic particles 
adjacent to the electrodes in response to receiving the 20 during the additive manufacturing process , according to one 
voltage ; and an energy source disposed adjacent to the first implementation . 
and second electrodes to deliver localized thermal energy to FIG . 6B illustrates necking from liquid phase sintering 
the ceramic particles to be sintered into a workpiece , between ceramic particles during the additive manufacturing 
wherein the ceramic particle distributor deposits a layer of process , according to one implementation . 
ceramic particles within the electric field over the build 25 FIG . 7 illustrates a system for additive manufacturing 
platform , and localized heat is delivered by the energy according to one implementation . 
source to a first portion of the layer of ceramic particles FIG . 8 illustrates a top view of electrodes and build 
disposed within the electric field simultaneously with the material according to another implementation . 
application of the electric field by the electrodes , the first FIG . 9 illustrates a top view of electrodes and build 
portion of the layer of ceramic particles being at least 30 material according to another implementation . 
partially sintered into the workpiece , and a second portion of FIGS . 10A and 10B illustrate a partial side view and 
the layer of ceramic particles being unsintered . partial top view , respectively , of a system for additive 

In some implementations , the system further includes a manufacturing according to another implementation . 
FIGS . 11A and 11B illustrate a partial side view and furnace , wherein the at least partially sintered workpiece is 35 partial top view , respectively , of a system for additive heated in the furnace after being removed from the unsin manufacturing according to another implementation . tered ceramic particles . FIGS . 12A and 12B illustrate a side view and top view , In some implementations , the system further includes an respectively , of a system for additive manufacturing accord electrically conductive material dispenser , the electrically ing to another implementation . conductive material dispenser distributing electrically con- 40 

ductive material onto the layer of ceramic particles between DETAILED DESCRIPTION 
the first portion of the layer of ceramic particles to be 
sintered and the first electrode and / or second electrode . Various implementations include systems and methods 

In some implementations , the ceramic particle distributor for simultaneously applying an electric field and localized 
comprises a doctor blade . 45 energy from an energy source to ceramic particles on a layer 

In some implementations , the energy source comprises a by layer basis to form a ceramic workpiece using additive 
laser beam . manufacturing . The workpiece may be freely removed from 

In some implementations , the energy source comprises a the unsintered ceramic particles . In some implementations , 
lamp and a mask , the mask defining the shape of a perimeter the workpiece is partially densified when removed from the 
of the first portion of the layer of ceramic particles , the mask 50 unsintered ceramic particles , but it may be subsequently 
being disposed between the lamp and the layer of ceramic heated until fully densified via a post processing heat 
particles . For example , in some implementations , the mask treatment . According to some implementations , these sys 
is a physical mask . And , in other implementations , the mask tems and methods remove or reduce the need for binders and 
is a virtual mask . For example , in certain implementations , reduce manufacturing time . Some implementations also 
the virtual mask is provided by a digital light patterning 55 greatly ameliorate the risk of fracture via thermal shock 
( DLP ) projector . when the localized heating is performed . 

In some implementations , the furnace is a first furnace , Various ceramic materials , including yttria - stabilized zir 
and the system further includes a second furnace , the build conia ( YSZ ) and alumina have been shown to conduct 
platform being disposable with the second furnace to heat electricity and sinter in a furnace within a period of seconds 
the layers of ceramic particles prior to removal of the 60 from a pressed , un - sintered , ceramic part to a densified part 
workpiece from the unsintered particles . upon simultaneous exposure to an electric field and high 

In some implementations , the system further includes at temperatures . During this flash sintering process , current 
least one motor coupled to the first and / or second electrodes , rapidly rises , and sintering and densification occurs within a 
the motor configured for moving the first and / or second few seconds of the current rise through the ceramic . The 
electrodes up or down relative to the build platform and / or 65 typical sintering time for ceramics of these types is at least 
inward or outward relative to a centerline of the build one hour at temperatures of at least 1000 ° C. , depending on 
platform . the material , if the electric field is not applied during heating . 
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FIG . 1 illustrates a method 100 of producing a ceramic In the implementation described above , the electrodes are 
workpiece using additive manufacturing according to vari pre - fabricated . However , in other implementations , the elec 
ous implementations . Beginning at step 101 , first and second trodes may be formed by depositing layers of an electrically 
electrodes are provided . For example , the electrodes may conductive material such as a metal , ink , or conducting 
include pre - fabricated electrically conductive plates that are 5 ceramic on opposite and spaced apart sides of the ceramic 
disposed adjacent the build platform , according to some particle powder bed . Or , the electrically conductive material 
implementations . The electrodes are spaced apart from each may be applied to portions of the powder bed that are 
other to create a gap between them . A voltage applied across opposite and spaced apart from each other to form the 
the electrodes causes the electrodes to create an electric field electrodes . 
( e.g. , AC or DC electric field ) between and around the 10 According to some implementations , the electrically con 
electrodes . In addition , the ratio of the voltage to the width ductive material may include metal or colloidal carbon ink . 
of the gap between the electrodes is selected based on the The electrically conductive material may be deposited using 
material to be sintered . For example , at least 100V / cm may an electrically conductive material dispenser disposed above 
be useful for sintering zirconia , at least 10V / cm may be the build platform . In some implementations , the electrically 
useful for sintering Lao.Sro.4C09.2F20.803 , and at least 15 conductive material may be melted and solidified with a 
500V / cm may be useful for sintering alumina . projected energy source ( e.g. , digital light patterning ( DLP ) 

In step 102 , a layer of ceramic particles is deposited projector or other projector - based system , such as a light 
within the electric field created and between planes through emitting diode ( LED ) or a lamp / mask ) or other heat source 
which surfaces of the electrodes extend . The layer of to improve its conductivity . For example , FIGS . 10A and 
ceramic particles are deposited on a build platform or on a 20 10B illustrate a system 300 that includes a DLP projector as 
previously deposited layer of ceramic particles , which may the localized energy source , and FIGS . 11A and 11B illus 
be referred to herein as build material . The ceramic particles trate a system 400 that includes a lamp and mask . FIGS . 10A 
may include single or multiple constituents ( e.g. , compos and 10B and 11A and 11B are partial views in that the 
ites ) and can be amorphous ( e.g. , glass ) or crystalline . For electrodes of each system 300 , 400 are not shown . 
example , in some implementations , the ceramic particles 25 The distance between the electrodes may be consistent 
include aluminum oxide . In particular implementations , the across the gap between the electrodes , or the distance may 
ceramic particles may be doped with magnesium oxide ( e.g. , be varied ( reduced or expanded ) adjacent one or more areas 
0.25 % magnesium oxide within the aluminum oxide ) . The of the workpiece . To control the distance between the 
magnesium oxide facilitates sintering of the aluminum electrodes or between one or both electrodes and at least a 
oxide , according to some implementations . Other suitable 30 portion of the workpiece , a first set of electrically conductive 
doped ceramic particles may include carbides ( e.g. , SiC or material may be deposited on or adjacent the ceramic 
B4C ) , nitrides ( e.g. , SizN4 , BN , and AIN ) , borides ( e.g. , particles to be sintered and the first electrode and / or a second 
ZrB2 and HfB2 ) , metal oxides , such as zirconia - based set of electrically conductive material may be deposited on 
ceramics ( e.g. , yttria - stabilized zirconia , yttria - stabilized or or adjacent the ceramic particles to be sintered and the 
partially stabilized zirconia , calcia - stabilized zirconia , and 35 second electrode . The first set of electrically conductive 
magnesia stabilized zirconia ) , and other oxides ( e.g. , porce material is electrically coupled to the first electrode , and the 
lains , HfO2 , SiO2 , as well as complex oxides such as second set of electrically conductive material is electrically 
perovskites and layered oxide compounds ) . coupled to the second electrode . 

The ceramic particles may be deposited in a powder form Next , in step 106 , a voltage is applied across the elec 
onto the build platform or build material by a ceramic 40 trodes to create the electric field between and adjacent to the 
particle distributor . The ceramic particle distributor may electrodes . For example , the electric field may be from 
include a ceramic powder bed feed bed , a powder feed , and 10V / cm to over 1000V / cm , depending on the material . In 
a powder spreader , according to some implementations . For some implementations , neck formation may begin before a 
each layer of the powder bed , the powder feed bed is measurable current is detectable . 
displaced upwardly , the build platform is displaced down- 45 In step 108 , an energy source applies localized energy to 
wardly , and the powder spreader pushes an upper layer of a portion of the layer of ceramic particles to be sintered into 
powder over to the build platform or the uppermost layer of the workpiece . The particles are disposed within the electric 
powder deposited thereon . The amount of movement up and field . The localized energy is applied while the electric field 
down depends on the thickness of the powder bed layer is applied to sinter the portion of the layer of ceramic 
being moved by the powder spreader . 50 particles receiving the localized energy . In some implemen 

In addition , in some implementations , at least some tations , the energy source is a scanning energy source , such 
compaction may be required for the powder prior to sinter as a laser or an electron beam or other suitable source for 
ing the powder . For example , a force may be may be applied delivering localized heat to a small set of particles at a time 
perpendicular to the plane of the powder bed using ( e.g. , those within the diameter of the beam ) . The beam 
separate plate or roller . Typically , powder packing densities 55 moves relative to the particles to sinter the particles into a 
are less than or equal to 40 % unless they are packed at two - dimensional shape corresponding to the layer of the 
elevated pressures using pressure produced by mechanical workpiece being sintered . In other implementations , the 
compaction or a gas pressure . energy source providing the localized energy may include a 

In other implementations , the ceramic particles may be projected energy source that selectively projects energy onto 
mixed with a liquid to form a slurry . In implementations in 60 a larger set or all of the particles to be sintered in the layer 
which the ceramic slurry is deposited on the build platform at one time . For example , in some implementations , the 
or build material , the ceramic particle distributor may projected energy source may include a lamp or light emitting 
include a doctor blade or a slot die , for example . Slurries diode ( LED ) . And , in some implementations , the projected 
allow for higher powder packing densities , such as between energy source includes a virtual mask ( e.g. , digitally created 
50 % and 70 % . 65 mask pattern ) that allows energy that corresponds to the 

Although step 102 is shown after step 101 in FIG . 1 , these two - dimensional pattern to be sintered to be projected onto 
steps may occur simultaneously or in reverse order . the layer of particles ( e.g. , a digital light patterning ( DLP ) 
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projector ) . In other implementations , the projected energy example , at a certain temperature for a certain time period , 
source is projected through a physical mask that is disposed depending on the material . For example , for alumina or 
between the energy source and the particles . The physical magnesium oxide doped alumina , typical heating tempera 
mask defines at least one opening that corresponds to the tures may be 1200 ° C. to 1600 ° C. for one to ten hours , 
two - dimensional pattern to be sintered in the layer and 5 depending on the particle size of the starting powder . Sin 
blocks the projected energy source from those particles that tering temperatures for yttria - doped zirconia may be 150 ° C. 
are not intended to be sintered . lower than for alumina . 

In some implementations , the power of the energy source In implementations in which the neck growth between 
and the scan speed for scanning energy sources ( e.g. , laser particles may not be sufficient after exposure to the localized 
or electron beams ) or time of exposure to the energy source 10 energy and the electric field , the build platform may be 
for non - scanning energy sources ( e.g. , projected energy heated in a furnace ( e.g. , the same furnace or a separate 
sources ) may be selected based on the relative density furnace that is used for the post - build sintering ) prior to 
desired and the material being sintered . being removed from the unsintered particles . 

According to some implementations , the temperature According to various implementation , the method 100 
applied by the energy source is sufficient to initiate initial 15 allows ceramic particles to be sintered together in an addi 
stage sintering in combination with the electric field . The tive manufacturing process substantially without organic 
energy from the laser , for example , has a wavelength that is binder materials in the layer of ceramic particles . 
absorbable by the material being sintered . For example , a FIGS . 2 and 3 illustrate an exemplary system 200 for 
CO2 laser may be used for sintering alumina . producing a workpiece using additive manufacturing 

In addition , one or more parameters of the electric field 20 according to one implementation using the method 
and / or the localized energy may be altered during sintering described above in relation to FIG . 1. The system 200 
based on feedback from the sintering process . For example , includes electrodes 202a , 202b disposed adjacent build 
bore - sight sensors may be used to obtain spectroscopy data platform 204. The electrodes 202a , 202b are spaced apart 
immediately adjacent to the beam path . and opposite each other and are electrically coupled to a 

In addition , in some implementations , electrically con- 25 voltage source 210. As noted above , the voltage source 210 
ductive material may also be deposited to a least a portion applies a voltage across the electrodes 202a , 202b , which 
of the ceramic particles to which the localized energy is to creates an electric field in the space between and adjacent to 
be applied for forming the workpiece . In addition , aliovalent the electrodes 202a , 202b . 
substitution may be selected to increase vacancies , which Workpiece 206 is at least partially densified by applying 
could further increase electrical conductivity and enhance 30 localized energy to the ceramic particles to be sintered using 
sintering . a laser beam 208 while the electric field is applied to the 

Deposition of a layer of ceramic particles and application ceramic particles by the electrodes 202a , 202b . Following 
of the localized energy and electric field between and the partial densification , the workpiece 206 is removed from 
adjacent to the electrodes are repeated until the workpiece is the unsintered particles . To fully densify the workpiece 206 , 
formed , as shown in step 110. For implementations in which 35 the workpiece 206 is then sintered in a furnace . 
the electrodes provided are not pre - fabricated electrically The implementation shown in FIGS . 4 and 5 is similar to 
conductive plates but are formed from depositing or pat that shown in FIGS . 2 and 3. However , in the system 200 
terning electrically conductive material , the step of depos shown in FIGS . 4 and 5 , a first set of electrically conductive 
iting a layer of the electrically conductive material with each material 212 is deposited between the ceramic particles to be 
layer of ceramic particles is also repeated until the work- 40 sintered and the first electrode 202a ' , and a second set of 
piece is formed . Thus , the upper layer of ceramic particles electrically conductive material 214 is deposited between 
to which the localized energy is applied are within the the ceramic particles to be sintered and the second electrode 
electric field applied by the electrodes . 2025 ' . The first set of electrically conductive material 212 is 

The formed workpiece is then freely removed from the electrically coupled to the first electrode 202a ' , and the 
unsintered ceramic particles , as shown in step 112. The 45 second set of electrically conductive material 214 is elec 
unsintered ceramic particles may fall away from the formed trically coupled to the second electrode 2026 ' . The first set 
workpiece or may be removed from the surface of the of electrically conductive material 212 and the second set of 
formed workpiece using a pressurized or non - pressurized electrically conductive material 214 are printed ( or pat 
fluid , such as air , ethanol , or water . terned ) onto the build material 205 ' on the build platform 

In some implementations , the workpiece is partially den- 50 204 in FIGS . 4 and 5 using an electrically conductive 
sified . For example , the formed workpiece may have a material distributor 218 , which is disposed above the build 
relative density of 30-85 % ( e.g. , 30 % -70 % or 65 % -85 % ) platform 204 ' . However , in other implementations , the elec 
when removed in step 112. In particular , during steps 106 trically conductive material extending between the elec 
and 108 , adjacent ceramic particles neck together in trodes and portions of ceramic particles to be sintered may 
response to the application of the electric field and the 55 be pre - fabricated . Adjusting the distance between the elec 
localized energy , causing initial stage sintering of the par trodes can adjust the strength of the electric field created 
ticles . FIG . 6A illustrates exemplary necking 12 of particles between and adjacent to the electrodes . In addition , in other 
10 in the formed workpiece according to one implementa implementations , such as shown in FIG . 12B , a set of 
tion . electrically conductive material may be deposited between 

In certain implementations , the neck growth between 60 two workpieces or two portions of a single workpiece that 
particles is strong enough to allow the workpiece to be are spaced apart from each other on the build platform . 
removed from the powder bed and handled , and a subse In addition , the shape of the faces of the electrodes 202a , 
quent , post - build high temperature sintering treatment can 202b shown in FIGS . 2-3 and 202a ' , 202b ' shown in FIGS . 
then be conducted to fully or further densify the workpiece , 4-5 are generally planar and parallel to each other . However , 
if desired . If further or full densification of the workpiece is 65 in other implementations , the faces of the electrodes may be 
desired , the formed workpiece is heated , as shown in step non - planar and / or non - parallel to each other . For example , 
114. The formed workpiece may be heated in a furnace , for as shown in FIG . 8 , the faces of the electrodes 802a , 8025 
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are arcuate shaped as viewed from a top view of the system the particles to be sintered in a two - dimensional shape 
800. And , in FIG . 9 , the faces of the electrodes 902a , 902b corresponding to the layer of the workpiece to be sintered 
have a stepped profile as viewed from a top view of the ( e.g. , projector or lamp / mask ) . 
system 900. In addition , the electrodes shown in FIGS . 2-5 In one experiment , two materials were tested : 8 mol % 
and 8-9 extend the depth of the powder bed , but in other 5 yttria stabilized zirconia and alumina . Both were in the form 
implementations , the electrodes can extend to a depth that is of pressed powder with no added binder . A colloidal carbon 
greater than the depth of the powder bed or less than the solution in ethyl alcohol was deposited into two parallel 
depth of the powder bed . For example , as shown in FIGS . strips onto the surfaces of a portion of the powder adjacent 
12A and 12B , the electrodes 502a , 502b may be a single the powder to be sintered to form the electrodes , and wires 
layer thick so that they are adjacent to the top layer of the 10 were attached to each strip and to the voltage supply . The 
powder bed . strips were spaced apart 0.5 cm . The samples had 315V DC 

Furthermore , in some implementations , one or more elec applied across the 0.5 cm gap . A portion of the ceramic 
trodes may be movable relative to the powder bed . For particles between the parallel strips were sintered by a laser . 
example , one or more electrodes may be slidable relative to The effect of different types of scan patterns by the laser 
the centerline of the powder bed and / or along the edges of 15 on the current flow and the microstructure was also tested . 
the powder bed , which may minimize the need for electrodes The laser scan patterns either bridged both electrodes 
to be printed alongside the workpiece . In the implementation ( bridge scan ) , touched one electrode only ( peninsula scan ) , 
shown in FIGS . 12A and 12B , the electrodes are on the or did not touch either electrode ( island scan ) . 
surface of the part bed , touching the top layer of ceramic With an electric field applied across the electrodes and 
particles , and the electric field between and adjacent the 20 powder with colloidal carbon solution , current instantly rose 
electrodes extends through the top layer of ceramic particles while the laser scanned a pattern that connected the two 
between planes through which surfaces of the electrodes electrodes ( bridge scan ) . In one case , current continued to 
extend . As shown , each electrode is coupled to a motor , and flow after the laser was removed . Current spikes during laser 
the motor causes the electrode to move ( e.g. , via rails ) into scanning were recorded for the bridge scan samples , but 
the intended position for the particular layer in response to 25 current rise during laser scanning was very small or non 
receiving instructions from a controller ( e.g. , a computer measurable for the peninsula and island scans . 
processor in communication with a memory that stores SEM analysis showed that grain growth and sintering at 
computer readable instructions for execution by the com higher laser powers was enhanced with application of the 
puter processor ) . The position for the electrodes and / or electric field . The electric field resulted in larger average 
timing of movement of the electrodes are based on the 30 grain size in the samples with electric field versus without 
pattern that is being formed in the layer . For example , the electric field . 
motor may move the electrodes in and out relative to the The electric field can enable sintering to occur much more 
centerline of the layer to the points where the laser begins rapidly than occurs in conventional furnace sintering . Com 
and ends a line scan in sintering the desired pattern . bining flash sintering processes with additive manufacturing 

In the system 200 " shown in FIG . 7 , the ceramic particles 35 patterned energy processes , such as selective laser sintering , 
are mixed with one or more liquids form a slurry , and the can enable the direct sintering of ceramics and / or liquid 
step of depositing the layer of ceramic particles includes phase sintering of ceramics and composites , including those 
depositing a layer 215 of slurry . In some implementations , with complex geometries . They also may enable improved 
the slurry includes ceramic particles mixed with one or more quality and / or manufacturing speed of indirect additive 
liquids and soluble polymeric solids ( e.g. , dispersants ( such 40 manufacturing processes for ceramics and other materials . 
as Darvan C or Solsperse 4100 ) , binders ( such as polyacry Additive manufacturing by selective laser sintering or 
late or polyvinyl butyral ) , and / or plasticizers ( such as poly selective laser melting of ceramics is also limited by crack 
ethylene glycol ) . The slurry may be tape cast onto the build ing due to thermal and shrinkage stresses in the manufac 
platform 204 " or build material 205 " . The tape casting may turing process . This may be ameliorated by partial sintering 
include depositing the slurry with a doctor blade 216 or a 45 ( neck formation without significant grain growth ) during the 
slot die , for example . The slurry allows for good control over laser sintering process to increase the strain tolerance of the 
the thickness and uniformity of each layer 215 , avoids material and reduce cracking . A partially sintered part is not 
unwanted ablation , and provides a higher particle packing fully dense , and has porosity remaining . Applications such 
density ( e.g. , 50 % -70 % ) than using dry ceramic powder , as biomedical cell and tissue scaffolding , heat exchangers , 
which can result in a higher quality and consistent final 50 filters , and some sensors benefit from such porosity . Appli 
product . The slurry also allows for the application of dif cations requiring complete density may require densification 
ferent materials in the same build . in a furnace after laser sintering , but they do not require 

The liquid portion of the slurry is allowed to evaporate or binder burn out prior to sintering . 
partially evaporate prior to applying the electric field and In other implementations , liquid phase sintering may be 
applying the localized energy to the particles to be sintered . 55 used with the ceramic particles . FIG . 6B illustrates particles 
In some implementations , the slurry may include a non 10 ' joined by liquid phase sintering . The necks 12 ' , or 
aqueous liquid ( e.g. , a solvent , such as propanol or methyl connected areas between the particles 10 ' , become liquid 
ethyl ketone ) to reduce the evaporation time . Localized during application of energy in the additive manufacturing 
energy can be applied to accelerate at least partial removal process . The necks 12 ' solidify when cooled and fasten the 
of non - ceramic slurry components , such as solvents , bind- 60 particles 10 ' together . Liquids allow very rapid diffusion and 
ers , and plasticizers , prior to application of the electric field further increase sintering rates . For example , silicon carbide 
and at least partial sintering of ceramic particles . For with boron or carbon additives may be used for liquid phase 
example , the removal of non - ceramic slurry components sintering . Other examples include alumina with calcium 
includes evaporation and / or pyrolysis of the non - ceramic oxide or silica . In addition , in some implementations , the 
slurry components . As noted above , the localized energy 65 liquid phase sintering may be combined with subsequent 
may be provided by a laser or an electron beam or a recrystallization in furnace post - processing to modify mate 
projected energy source that selectively projects energy onto rial properties of the workpiece . 
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Various modifications of the devices and methods in 10. The method of claim 9 , wherein the mask is a virtual 
addition to those shown and described herein are intended to mask , and the virtual mask is provided by a digital light 
fall within the scope of the appended claims . Further , while patterning ( DLP ) projector . 
only certain representative devices and method steps dis 11. The method of claim 1 , wherein depositing the layer 
closed herein are specifically described , other combinations 5 of ceramic particles comprises depositing a slurry compris 
of the devices and method steps are intended to fall within ing the ceramic particles . 
the scope of the appended claims , even if not specifically 12. The method of claim 11 , further comprising at least 
recited . Thus , a combination of steps , elements , compo partially removing non - ceramic slurry components prior to 
nents , or constituents may be explicitly mentioned herein . applying the electric field and localized energy . 
However , other combinations of steps , elements , compo 13. The method of claim 1 , wherein providing the first and 
nents , and constituents are included , even though not explic second electrodes comprises providing first and second 
itly stated . The term “ comprising ” and variations thereof as pre - fabricated conductive plates . 
used herein is used synonymously with the term “ including ” 14. The method of claim 1 , wherein providing the first and 
and variations thereof and are open , non - limiting terms . second electrodes comprises depositing a first set of elec 

trically conductive material adjacent the build material and 
The invention claimed is : a second set of electrically conductive material adjacent the 
1. A method of producing a workpiece using additive build material . 

manufacturing , the method comprising : 15. The method of claim 1 , further comprising heating the 
providing a first electrode and a second electrode , the 20 workpiece and the second portions of the layers of ceramic 

electrodes being spaced apart and opposite each other ; particles in a furnace prior to removing the formed work 
depositing a layer of ceramic particles ; piece from the second portions of the layers of ceramic 
applying a voltage across the electrodes , the voltage particles . 

causing the electrodes to create an electric field 16. The method of claim 1 , further comprising moving the 
between them , where at least a first portion and a 25 electrodes up or down relative to the build platform and / or 
second portion of the layer of ceramic particles are inward or outward relative to a centerline of the layer of 
disposed within the electric field ; ceramic particles disposed within the electric field . 

applying localized energy to the first portion of the layer 17. A system for producing a workpiece using additive 
of ceramic particles using an energy source , the first manufacturing , the system comprising : portion of the layer of ceramic particles being at least 30 a build platform ; partially sintered to form part of the workpiece ; a ceramic particle distributor for distributing ceramic repeating the deposition of ceramic particles and appli 
cation of the electric field and the localized energy until particles in a layer on the build platform ; 

a first electrode and a second electrode disposed adjacent the workpiece is formed ; and 
removing the formed workpiece from the second portions 35 the build platform , the first and second electrodes being 

of the layers of ceramic particles , spaced apart and opposite each other and are electri 
wherein applying the localized energy occurs while the cally coupled to a voltage source for applying a voltage 

electric field is applied . across the electrodes , wherein the electrodes create an 
2. The method of claim 1 , wherein adjacent ceramic electric field between and adjacent to the electrodes in 

particles neck together in response to application of the 40 response to receiving the voltage ; and 
electric field and the localized energy , causing initial stage an energy source disposed adjacent to the first and second 
sintering . electrodes to deliver localized thermal energy to the 

3. The method of claim 1 , further comprising heating the ceramic particles to be sintered into a workpiece , 
formed workpiece . wherein : 

4. The method of claim 3 , wherein heating the workpiece 45 the ceramic particle distributor deposits a layer of 
comprises heating the workpiece in a furnace , and the ceramic particles within the electric field over the 
formed workpiece is partially densified prior to heating in build platform , and localized heat is delivered by the 
the furnace and is fully densified after heating in the furnace . energy source to a first portion of the layer of 

5. The method of claim 1 , further comprising depositing ceramic particles disposed within the electric field 
an electrically conductive material between the first portion 50 simultaneously with the application of the electric 
of the layer of ceramic particles to be sintered and the first field by the electrodes , the first portion of the layer 
electrode , wherein the electrically conductive material is of ceramic particles being at least partially sintered 
electrically coupled to the first electrode . into the workpiece . 

6. The method of claim 5 , wherein the electrically con 18. The system of claim 17 , further comprising a furnace , 
ductive material comprises a ceramic powder doped with 55 wherein the at least partially sintered workpiece is heated in 
aliovalent substitution . the furnace after being removed from the second portions of 

7. The method of claim 1 , further comprising depositing the layers of ceramic particles . 
an electrically conductive material to at least a portion of the 19. The system of claim 17 , further comprising an elec 
first portion of the layer of ceramic particles to which the trically conductive material dispenser , the electrically con 
localized energy is applied for forming the workpiece . 60 ductive material dispenser distributing electrically conduc 

8. The method of claim 1 , wherein the energy source tive material onto the layer of ceramic particles between the 
comprises a laser beam . first portion of the layer of ceramic particles to be sintered 

9. The method of claim 1 , wherein the energy source and the first electrode and / or second electrode . 
comprises a lamp and a mask , the mask defining the shape 20. The system of claim 17 , wherein the energy source 
of a perimeter of the first portion of the layer of ceramic 65 comprises a laser beam . 
particles , the mask being disposed between the lamp and the 21. The system of claim 17 , wherein the energy source 
layer of ceramic particles . comprises a lamp and a mask , the mask defining the shape 
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of a perimeter of the first portion of the layer of ceramic 
particles , the mask being disposed between the lamp and the 
layer of ceramic particles . 

22. The system of claim 21 , wherein the mask is a virtual 
mask , and the virtual mask is provided by a digital light 5 
patterning ( DLP ) projector . 


